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IntroductIon 

Optllllzlng the perfomanc. of a sIngle-pass 
fr •• electron laser (FEL) In a storage rIng r.qulres 
a stor.d b.all havIng both a r.latlv.ly hIgh vol ..... 
d.nslty and a low ~ntull spr.ad. Th.s. 
requirements place seyere constraints on storage 
rIng des Ign due to the l/llPact of both coh.r.nt and 
Incoh.rent multlpartlcl. ph.n .... na. In this pap.r 
we present approximate scaling laws that eluc1date 
the relathe importance of various lattice 
parameters. and we will describe a systemat ie 
approach (embodl.d in the cQIIPut.r cod. ZAP) to 
parameter select10n. 

Flgur. of M.rlt for FEL Op.ratlon 

To facllltat. optilllzatlon of a storage rIng 
for FEL purpos.s. it Is d.slrable to d.flne a 
"flgur. of ... rlt." The one-dIMnslonal theory of 
hIgh-gain FEL operatIon pr.dlcts exponential growth 
and a saturatIon power level. In designing a 
storage rIng to serve as an FEL. It Is clearly 
desirable to op.rate clos. to the saturatIon 11111t. 
Furthermore. It is i/IIPortant to .Inllllze the 
required length of undulator used to reach this 
output power level. 

Frail one-dillOnsional theory we know that. In 
the exponentIal-growth regi.... the laser power grows 
with distance. z. at a rate correspondIng to [1): 

p • Po e Zite 
9 

where the .·folding length is d.fined as 

I a (l Ip)/(4.,:r) . 
e u 

(1) 

( 2) 

At saturation. the p.ak power and saturation length 
ore giv.n (for z.ro .nergy spr.ad) by [1): 

( 3) 

and 
P sat· p Pbeanl 

(4) 

In these expressions the fEl gatn para.eler. P. 
scales as [1): 

_ [l I] 1/3 (S) 
P y3-=" 

v<x'y 
where l is the FEL wav.l.ngth. Thus. lIuilllzing the 
output power and lIinillizlng the saturation length 
both correspond to .. xillizing the par .... t.r p. 

If the .ff.cts of non-zero b.all en.rgy spread 
are taken lnto account. the 9rowth rale is reduced 
signifIcantly (and hence the saturation l.ngth 
increas.d) for a Ip ~ 1. where ,,~ a (4p/P)rms' 
In . the regi~ ~tudled here. we find typical p 
values of 10'~ so we have allowed "n • 2 x 10-3as 

"an upper lllllt for the IIOIIOntuli spr.ad. 
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In sunaary. It app.ars that the FEL gaIn 
para ... t.r p and the .-foldlng l.ngth te repr.s.nt 
the .ost sultabl. flgur. of ... rlt. 

Coherent InstabIlitIes and Machine laoedance 

The interaction of the beall with its 
env1ronment can generate a variety of coherent 
InstabilItIes that lllllt the ichievable beam 
current. The el.ctr ... gnetlc fields are generated 
vta beall interacttons wtth the IF cavtttes, vacuww 
chanober discontinuitIes. and the wall r.sistivlty. 
In addition. the OIIission of synchrotron radiation 
produces fields that can aff.ct be .. stabIlIty. 

The effective longitudInal (Z/n) and 
transverse (Zt) l/IIPedances are avenges of the full 
f requ.ncy dependent l/IIPedances over the bunch mode 
spectra. For the longitudinal IMPedance. we have 
asswoed a model conSistent wIth SPEAR .. asure
IItnts (2). For bunch l.ngths s .. ller than the 
effective b.all pipe radius b this model gives 

(:{) -(z) ("t)···· neff . nab 
(6) 

and potentIa 1 we 11 distortIon .ffects are ass ..... d 
negllglbl.. With a sllOoth vacuWl chanober deSign. a 
s .. ll storage rIng !lay b •• xpected to have an 
IlIPedance of (Z/n)o - 1 to 2 ohMs. 

For s ... ll storage rIngs there Is anoth.r 
ll1Portant source of Interaction of the bea.. that 
with the radIation It has generated. This effect 
has been found to be well approxi .. ted. for sev.ral 
g.ometrles. by an illP.dance of the forlO (3) 

-nZ • 300 (!!) (~) [a). 
R 2. 

(1) 

(For a closed vacuulI pip •• the fr.qu.ncy dep.ndence 
Is of the resonant typ •• and Eq. (1) giv.s a rough 
smeared out average value.) 

For s~othl small rings, this ·free-space· 
1/IIP.danc. may set a lower 1111it on the attaInable 
longitudinal Imp.dance. Th. b.nd angle e In Eq. (1) 
Is just 2. for the standard dipoles In a rIng. but 
can take on a IlUCh larger va lue for a ring haYing 
daaplng wlggl.rs. 

It Is important to note that. wh il e the 
instability drIven by the free-space illPedance has 
probably b.en observed in electron ring (ERA) 
experilltnts. there Is no quantItative InfOrMatIon 
availabl. regarding the d.pendence of the instabil
ity on bunch lengthening. ~ntWi spread stabIliza
tion. etc. The lack of experl .. ntal evIdence Is 
probably due to the fact that no existIng storage 
rIng Is dominated by thIs source of IMPedanc •. 
Clearly. more theoretIcal work is requIred. For the 
purposes · of this paper, we take the conservative 
vIew that the longitudinal illPedance cannot fall 
below the valu. due to the free-space illPedance. 

GIven the impedance est illites above. the 
threshold p.ak current valu •• for longitudinal and 
trdnSyer\e single bunch instabilities are g1Yen. 
re,p.ctlvely. by 
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where x • IMx(b,Gt) and the fol'11l factors f are both 
of the order of unity . For lattices considered for 
the fEL bypass ring , the longitudinal in.tabllity 15 
found to have the lower threshold. The conflict 
between a high peak current and a sIMI 1 ...... ntUli 
spread is Immediately obvious. 

Intrabea~ Scattering 

"ultiple Coulomb scatterIng of electrons 
withIn a beall bunch causes both longitudinal and 
transverse dUfusion . The bea.. ...Ittances wll1 
reach equllibriull when the intrabeall scattering 
(18S) and quantUII excitation rates are balanced by 
the radiation damping rate . 

The theory of multiple 18S has been developed 
IIOSt fully in Reference. (4] and (5]: the latter 
fomulation 15 used in lAP. Although detalled 
results of the theory require nUlOOrical evaluation 
of rather conoplicated integrals, we wll1 concentrate 
here on the basic physical principle •• 

In the beall frame, the horizontal moDentun 
spread typically exceeds the longitudinal, and 18S 
predominantly transfers moIIOntulI frOll the horizontal 
to longitudinal dimension . In dispersive regions, 
however, the longitudinal momentu~ change~ excite 
horizonta I betatron oscillations and these IMY 
dOllinate (in tel'11ls of bea .. size) the original loss 
in hori zonta I momentull . For the typical snoa 11 
synchrotron radiation lattices we have looked at, 
the horizontal diffusion rate 15 the most illPor
tant cau~e of transverse eftI1ttance growth. The 
so-called H-function 

(10) 

is the most critical parameter for the transverse 
dlHuslon. 

For the class of lattices considered here, the 
horizontal diffusion rate was found to be given 
approximately by 

~x • C Gp ,~ 'x' O~ > (11) 

where C.IO- 9 II I(A - ,ec) for a 10:1 ... ittance 
coupling . (Hote : Eq. (11) is intended only to 
1l1u,trate the characteristic dependence on the 
variou, para ... ters . Evaluation of the full fomulae 
is. required for actual de,ign calculations.) We see 
frOll Eq . (11) that large i and H (d15persion), , ... 11 
elllttance .nd momentull ,pread, and ,mall Ilv (high 
vertic.l density) all tend to increa,e the MHuSiona rate . Typically, a horizontal ellittance of 10-
II-rad yield, dUfusion ti ... s of ten. of ,.ill15econd. 
at dn ener9Y of 150 HeV and a peak current of a few 
hundred ."",ere. . For typical cases we find that the 
equ'IIbriUli ellittance Is given .pprox, ... tely by 

c • 1 
x 2 

We note 
(12), is 

[
, + 

ox 
, CI 

to ox + -''-'--
CJpY~ 9SH < ~ \ ] ~y I 

( 12) 

that when the equllibriuRI emittance. EQ . 
dOlllndted by 185 growth, the opt imizat 10n 

2 

factor becomes 

, -J~ 
In the 'lIOoth approxiIMtion H~ and 0 

proportional. and the dependence on G vanishes. 

Touschek Scattering 

are 

SIngle, large-angle CoulOilb scattering IMY 
lead to a ...... ntUli error for the electron that 
exceeds the Nchine acceptance . Particles lost by 
this Touschek scattering mechanl". l.ad to • re
duction of the beall Ilfeti .. . 

The Touschek scatterIng 11letime, 15 given by 
(6] 

1 
T 

• re' c Hb C(.) 
6P. (6PRF)' Yp 

is the bunch volwae, • is defIned as 

(13 ) 

•• (6PRF)' (14) 
YIP. 

and C(.) is tho function _ -~x 

C(.)· I (2. - In x - 2) _._ dx • (15) 
1 2X' 

In the para .. ter regl ... of interen for FEl rings, 
tho function C(.) scal .. roughly a. 11 Ii'. Thu., 
the Touschek 11letll .. scales like tho cube of the 
momentUM acceptance . 

In averaging the bunch volu.. and the 
transverse ntOIIentUli spread over an actua' latt 1ce. 
the effects of the dispersion should be included. 
Including dIspersIon, the horizontal slz., G., Is 

incr.ased by the factor 

JI + .' GP' 
Px'x 

and the ms transverse I'DOftW!ntWi spread is increased 
by the factor 

.-~------------

where 

~'Gp~ + Px! Op~ .~ + Px'x 
"~GpJ + Px'x 

, 
••• 

Computation of Collective Effects - ZAP 

The actual behavior e'pected fron a partIcular 
lattice configuratIon mu.t be inve.tlgated via 
explicit calculations of the relevant collectIve 
errects. To allow such calculations for the FEL 
rings of int.rest to this ,tudy, develo_nt of • 
new computer code ca lied ZAP has begun (1]. When 
cOllDleted, 11 Is envisioned that ZAP will allow the 
prelillinary evaluation of the ,..chlne p.rfo .... nce 
and parallOter. of any ,torage ring. 

As priIMry input" ZAP ut ilizes the par .... ters 
of a lattIce along wIth the relevant 'physlcs' needs 
(e.g . , the FEL requlr .... nt for .... 11 ..... nt ... 
spr.ad). The code then calculates, as a functIon of rII, bunch length, the r.quired RF voltag. and cor
re'ipond1nq bucket he1ght . Impedance est iraates are 
aho made dnd threshold currents are calculated. 
FrOfl these threshold current values and the radia
tIon dampIng time, ZAP calculates the intrabea,. 
scatterIng (18S) rates .nd iterates to find the 
equ l librlu~ "'ittance. FInally, thIs equllibrl ... 



e1I1ttance va lue and a selected RF bucket height are 
used to obtain the Touschek llfetl~ of the r i ng. 

Oth.r options of the cod. Includ. calculation 
of the prlOllry FEL para ... ters. gas scattering lU.
tl ... . and e.tIOllt •• of .ultlbunch In.tability growth 
rat •• and fr.qu.ncy .hlft •. 

In this pap.r . w •• tandardlz.d on the 500 MHz 
RF cavity u •• d In PETRA. Th. r.qulr.d nWIII.r of RF 
c.lls Is •• tIOllted (a .. ulling 500 kYlcell) based on 
the voltage needed to maintain a bUill of the chosen 
_nt ... spr.ad and bunch length within the lln.ar 
part of the buck.t. Thr •• hold. for the long i tudInal 
and tran.ver.. single-bunch Instabllit Ie. ar. th.n 
calcul.ted ba •• d on Eqs. (S) and (9) . 

Calculation. for a given lattlc. are carrl.d 
out at many latt lc. point. . ZAP evaluat •• the 
thr.. growth rat.. (horhonta 1. vert leal, longitud
Inal) and then c""",utes the over.ll growth rate In 
.ach dlmen.lon av.rag.d ov.r the entlr. ring . This 
calculation I. It.rat.d t. find the equillbriwo 
.. Ittanc •. 

A. for the ISS ca ••• the T.u.ch.k calculation 
Is p.rf ..... d at .ach latt lc. p.lnt .nd the av.r.g. 
IIf.tl ... f.r the ring cOllllut.d . Th. Input valu. for 
the ~nt... acc.ptanc. .hould prop.rly be Inter
pret.d a. the .00011 •• t .f the buck.t h.lght. the 
dynalilc apertur •• or the phy.lcal ap.rtur • . 

The cod. de.crlb.d h.re has b •• n written for a 
VAX-ll/7S0 comput.r . A cDilplete calculation (without 
It.ra tl on) of the ISS and Tousch.k lU.tl .... for a 
lattice having 146 lattice point. requires 1 •• • than 
20 s.cond. of VAX CPU tl ... 

R •• ult. 

ZAP has b •• n used to calculat. the p.ak 
curr.nt and equlllbrlWl mlttanc •• of fh. dlff.rent 
latt ice. to estlOllt. the FEL para ... t.r p . Th. 
p.rameter variations with energy for one such 
laUlce are .hown In FIg . 1 . It Is cl.ar th.t 
basically ev.rythlng f.llow. the paU.rn dIctated by 
the ell l ttanc. value. . For an FEL operating at 400 
A an electron b .... en.rgy of 750 M.V Is cl0.e to 
opt 1"",". 

The fh. lattlc ••• volved frOil a d •• lgn ISO II 

In clrcumfer.nce with relatively large .. (d.rh.d 
frOil low fl.ld b.ndlng OIlgnet.) to OIlxllllz. the p.ak 
current achl.vabl. wh.n the ...... ntUil spr.ad Is 
• llowed to Incr •••• to 0.002 und.r the Influence of 
the IIlcrowav. In.tabllity. Th •• tructur. of the 
lattlc. I. the w.ll -known ChasOlln-Gr •• n type wIth 
hIgh fIeld .lectrOl1llgn.tlc w;ggl.r IIOgn.t. to 
lroprov. the radiatIon daroplng . Th. next two 
lattlc •• Inve.tlgated w.re shorter vers ion. (130 II) 
of the orIginal .tructur. with hlgh.r field bending 
.. gnets .nd correspondingly low.r IIOIIentwo 
cOllllactlon. In on. c ••• • the damping wIggler. w.r. 
r .... v.d . Th. fInal two l.ttlce. w. Inv •• tlgated 

·i were var1et ies of a hybrid cCNIIbined-funct ion 
structur. flr.t propo •• d by VIgnola [S] for a 6 G.V 
light .ourc • . 

. Th. r •• ult. of th •••• tudle. Indicate that. t ov.r the rang. of laUlc •• studl.d . there Is 1 ... 
.. than a 40" r.ductlon In p compar.d with the best 

(original) structure . Because the perrormance of 
the hybrid combined function lattices Is degr.ded by 
only 20S, i t \s one of these structures that hao; 
b.en cho.en fo r more detailed .n.lysl s [9]. 
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FIg . (1) En.rgy d.p.nd.nc. of the Intr.b .... 
scatt.rlng lU.tl.... Tousch.k llt.tll .. (for a 3" 
acc.ptanc.) •• qulllbrluM .lIlttanc • • curr.nt den.lty. 
.nd FEL gaIn paramet.r for a r.pr ••• ntatlv. latt l c • . 
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